The complete Trichoplusia ni ascovirus 2c (TnAV-2c) genome sequence was determined. The circular genome contains 174,059 bp with 165 open reading frames (ORFs) of greater than 180 bp and two major homologous regions (hrs). The genome is quite A + T rich at 64.6%. Fifty-four ORFs had homologues in other insect viruses, such as ascoviruses, iridoviruses, baculoviruses and entomopoxviruses; 30 ORFs showed low identities with those from different parasitic protozoa and 12 ORFs were unique to TnAV-2c. TnAV-2c has 15 ORFs that could be grouped into six gene families. Three major conserved repeating sequences were identified and were interspersed in two regions. BLAST analyses revealed that there were 16 enzymes involved in gene transcription, DNA replication, and nucleotide metabolism. TnAV-2c has 12 and 25 ORFs sharing high identities with ascovirus and iridovirus homologues, respectively. The codon usage bias appears to be more similar to Spodoptera frugiperda ascovirus 1a than to iridoviruses.
Introduction
Ascoviruses (Ascoviridae) are a recently described group that contains double-stranded DNA genome of 115-180 kb (Federici et al., 1990b; Bigot et al., 1997a; Cheng et al., 1999) . They were first isolated in the late 70s and early 80s. Their delayed discovery is attributed to the fact that the symptoms of infection by ascoviruses are not very pronounced in the field (Browning et al., 1982; Hamm et al., 1985 Hamm et al., , 1986 Federici et al., 1990b) . In agricultural fields, ascoviruses have been isolated from economically important lepidopteran species such as H. zea, Heliothis virescens, Spodoptera frugiperda and S. exigua (Carner and Hudson, 1983; Hamm et al., 1985 Hamm et al., , 1986 Cheng et al., 2005) . In addition to lepidopteran ascoviruses, a hymenopteran ascovirus was isolated from Diadromus pulchellus (Yponomeutidae) (Bigot et al., 1997b) .
Isolates of ascoviruses were previously named following the traditional scheme of using the host's name. For example, ascovirus isolated from S. frugiperda was named SAV (Federici et al., 1990b) . However, this often caused problems in the classification of ascoviruses, since most had a broad host range. Based on multiple criteria, such as natural and laboratory hosts, tissue tropism, virion morphology, restriction fragment length polymorphism (RFLP) and gene sequence analyses, four ascovirus species have been recognized by the International Committee on Taxonomy of Viruses (ICTV). These include Spodoptera frugiperda ascovirus 1 (SfAV-1), Trichoplusia ni ascovirus 2 (TnAV-2), Heliothis virescens ascovirus 3 (HvAV-3) and Diadromus pulchellus ascovirus 4 (DpAV-4) .
Ascovirus infection in permissive cells first causes invagination of the nuclear envelope and later dismantles the nuclear envelope and the infected cell becomes nucleus-free (Federici, 1983; Federici et al., 1991; Cheng et al., 2000) . One of the unique features of infected larvae is the presence in the hemolymph of vesicles packed with virions. The vesicles are formed by the partitioning of the host cells in which the ascoviruses replicate (Federici et al., 1991) . Further investigation of the mechanism of cell cleavage by ascovirus indicated that a viral-encoded caspase in SfAV-1a plays a role (Federici et al., 1991; Bideshi et al., 2005) . Another interesting feature of ascovirus replication in insect cells is the presence of a virogenic stroma in the cell but viruses are not associated with it. Instead, the viral morphogenesis takes place in the cytoplasm (Carner and Hudson, 1983; Cheng et al., 2000) . It has been theorized that ascoviruses evolved from iridoviruses because of their extensively shared protein homologues . Several reports suggested that the SfAV-1 evolved earlier than TnAV-2/HvAV-3 but a recently reported ascovirus isolated from H. zea (TnAV-2c) suggested it evolved earlier than SfAV-1 based on major capsid protein (MCP) and DNA polymerase gene sequence phylogenetic analyses Cheng et al., 2005) . To have a better understanding of ascovirus biology related to its infection process, control of gene expression and evolutionary strategies, we have decided to sequence the entire genome of TnAV-2c. In this paper, we described the entire genome sequence and organization of TnAV-2c as a prelude for future functional genomic studies. 
Results and discussion

General organization
The TnAV-2c genome was assembled into a circular contiguous sequence of 174,059 bp, which was in good agreement with the previous estimate of 180 kb based on the restriction endonuclease (REN) fragment analyses (Cheng et al., 2005) . The genome sequences were validated by six RENs to assess the sequence quality. Predicted restriction fragments and experimental restriction patterns matched very well except that the largest 40.5 kb BamHI fragment showed an additional BamHI site in the assembled sequence fragment which separated the 40.5 kb into two fragments of 29.8 and 10.7 kb. The internal BamHI site in the 40.5 kb insert in pINDIGO536 plasmid (Bac40.5) was not cleavable by BamHI when the Bac40.5 plasmid was extracted from DH10B E. coli host strain (Invitrogen). It is likely that this internal BamHI site of the 40.5 kb BamHI fragment in TnAV-2c DNA either harvested from insects or from E. coli was sensitive to methylation. We have not yet experimentally demonstrated this site-specific methylation in the TnAV-2c genome but it was reported that ascovirus genomes were methylated . The G + C content of the genome was 35.4%, and it was close to that of Chilo iridescent virus (CIV, 30.42%) (Jakob et al., 2001) . The position, the length and the best match with GenBank database were listed in Table 1 and Fig. 1 . The results showed that 99% TnAV-2c ORFs were not overlapping. The coding region (150,306 bp) accounted for 86.35% of the total sequence. Among the identified 165 ORFs, 23 ORFs had the highest BLAST hits with iridovirus homologues; 15 and 12 ORFs had the highest hits with baculovirus and ascovirus homologues, respectively. There were 30 ORFs which shared low similarities with parasitic protozoa homo- logues, and 12 ORFs were unique which had no matches in GenBank database (April, 2006) . In addition, two homologous regions (hrs) were identified in the genome, and three major repeated stretches were interspersed in the two hrs.
The average G + C contents of four ascoviruses and CIV were estimated from five different genes from each virus ( Table 2) . TnAV-2c had 35.36% G + C content which was lower than that of SfAV-1a (50.68%) and HvAV-3c (46.69%), but it was close to that of CIV (30.42%). Variation of G + C contents among different species is also present in other virus families such as Iridoviridae and Poxviridae. For example, in Poxviridae, the G + C contents of Amsacta moorei entomopoxvirus (AmEPV), Melanoplus sanguinipes entomopoxvirus (MsEPV) and Vaccinia are 17.8%, 18.3% and 33.4%, respectively (Bawden et al., 2000; Afonso et al., 1999; Goebel et al., 1990) ; in Iridoviridae, the G + C contents of CIV, ATV, TFV, GIV, LCDV and SKNV are 29%, 54%, 55%, 49%, 29% and 55%, respectively (Tsai et al., 2005) .
Multigene families
One of the most important features was the presence of multigene families (MGFs) in the TnAV-2c genome. MGFs occur in large dsDNA viruses, and they were composed of related repeated ORFs dispersed within the genome. Those viruses included species of Asfarviridae (Zsak et al., 2001) , baculoviruses (Gomi et al., 1999) , entomopoxviruses (Bawden et al., 2000) and herpesvirus (Gompels et al., 1995) . TnAV-2c was found to encode 15 ORFs which could be divided into six gene families (Table 3) .
Major capsid protein (MCP) gene is one of the studied genes in ascovirus. There were two ORFs coding the mcp gene in TnAV-2c genome ORF145 and ORF153, and the amino acid sequences shared 100% identity with each other. This was unusual in multigene families. The same phenomenon occurred in AmEPV gene family (AMV176 family) (Bawden et al., 2000) . The results of BamHI library sequencing showed that there was a BamHI site in mcp ORF (530 bp from translation start codon ATG), and the major parts of the mcp gene located in two different clones (10.7 kb and 10.0 kb) in TnAV-2c BamHI library (Cheng et al., 2003) . The mechanism of the mcp duplication was unknown since no ascovirus genome had been fully sequenced before the one being reported here. On the other hand, previous phylogenetic analysis revealed that the TnAV-2c MCP amino acid sequence was very different from other ascovirus homologues (Cheng et al., 2005) .
The second multigene family was thymidine kinase gene (tk gene) ORF146 and ORF154. Their putative amino acid sequences were also identical, and they were adjacent to mcp gene (ORF145 and ORF153) in the genome (Fig. 1) . Moreover, the genome context of TnAV-2c in this region exhibited some similarities to other ascoviruses. The mcp and tk genes were adjacent and the orientation of the ORFs was opposite in all TnAV-2c, SfAV-1a and HvAV-3a genomes (GenBank accession number: AJ312704, AJ312690; Fig. 1) .
Baculovirus repeated open reading frame (bro) was found in certain large dsDNA viruses and bacteriophages (Bideshi et al., 2003) . TnAV-2c genome had three bro homologues, ORF27, ORF137 and ORF165, and all had significant identities with their homologues (identities: 36%, 73% and 78%, covering 242aa, 173aa and 353aa, respectively; Table 1 ). The function of BRO proteins in a viral genome could mediate specific virushost interaction during virus pathogenesis and might also be host dependent (Bideshi et al., 2003) . In BmNPV, it has been reported that BRO proteins can interact with core histones and are involved in nucleosome structures in nuclei of infected cells (Zemskov et al., 2000; Kang et al., 2003) . The role of bro in ascovirus remains to be elucidated.
The fourth gene family was AMV109 family. In the TnAV-2c genome, ORF21 and ORF74 shared 31% and 32% identities to AMV109, respectively, but their putative amino acid sequence shared low similarity (12.7%) with each other (Table 3 ). In the AMV genome, the AMV109 does not belong to any multigene family; it only had high identity to XcGV ORF22 (Bawden et al., 2000; Hayakawa et al., 1999) .
Fifth gene family consisted of four ORFs: ORF107, ORF144, ORF152 and ORF162. All of their amino acid sequences showed low identities to one hypothetical protein (NCBI _GI: 9950346) in Pseudomonas aeruginosa PAO1. ORF144 and ORF152 shared 100% amino acid identity each other, but they had low identities to ORF107 and ORF162 (Table 3) . 
Enzymes involved in nucleotide metabolism
In the TnAV-2c genome, there were 16 ORFs that showed extensive homologies with enzymes involved in transcription, replication and nucleotide metabolism ( Table 4) .
The most significant homologue was ORF89, which shared 84% amino acid identity to ribonucleotide reductase 2 (RNR2) of mosquito Aedes aegypti, covering 256 amino acids. The ribonucleotide reductase reduces ribonucleotides into deoxyribonucleotides as essential precursors of DNA synthesis (Xu et al., 2006) . In yeast, RNR2 binds RNR1 through its C-terminal residues (Chabes et al., 1999) . Most large DNA viruses have this homologue (Table 4 ). However, TnAV-2c genome lacked another subunit of the ribonucleotide reductase (rnr1) ( Table 4 ; Tidona and Darai, 2000) .
DNA polymerase, the key component of the replication machinery, is one of the best-studied enzymes in large dsDNA viruses. Phylogenetic analyses using DNA polymerases from different ascoviruses showed that the ascovirus family was composed of two genera, one consisting of the ascoviruses that infect noctuids, SfAV-1, TnAV-2 and HvAV-3, and the other containing a single species DpAV-4 infecting both hymenopteran and lepidopteran hosts . The recent phylogenetic analyses suggested that TnAV-2c DNA polymer-ase was distantly related to other lepidopteran ascoviruses and seemed to have evolved earlier than the rest of the lepidoteran ascoviruses such as SfAV-1 (Cheng et al., 2005) .
DNA-dependent RNA polymerase (DdRP) is an essential enzyme for large dsDNA viruses, and it has been reported from a variety of poxviruses (Moss, 1990) , African swine fever virus (Yanez et al., 1993) , CIV (Schnitzler et al., 1994) and entomopoxviruses (Bawden et al., 2000) . RNA polymerase II contains 12 subunits, and the two largest subunits (Rpb1 and Rpb2) carry the catalytic activity of the enzyme and share sequence homologies (Coulombe and Langelier, 2005) . In TnAV-2c genome, ORF42 had 29% identity to DdRP Rpb1 of the Grouper iridovirus (GIV) covering 815 amino acids. Domain search showed that ORF42 contained three complete domains: domain1, domain 3 of Rpb1, subunit A N-terminus domain (RPOLA_N) and two parts of Rpb1 domains (domain 4 and domain 5). Amino acid sequence of ORF42 aligned very well (97.8% of 808 amino acids) with bacterial product of RpoC (beta' subunit) (GenBank protein GI:14278335), but the identity was low (10.6%). BLAST showed that the product of ORF42 was more closely related to the eukaryotic DdRP than to the DdRP of other eukaryotic viruses. ORF110, the second DdRP homologue in TnAV-2c, was a homologue of 343L of CIV, and it shared 28% amino acid identity with each other covering 388 amino acids. ORF 110 had high amino acid similarity with the C-terminus of DdRP largest subunit of Singapore iridovirus (aa identity 25%). The amino acid sequence of ORF110 contained two parts of Rpb1 domain 5. The third DdRP homologue was ORF138, which encoded Rpb2 of DdRP. Domain search showed that the ORF138 had two entire domains of DdRP Rpb2: domains 6 and 7 and parts of domain 1. The domain Rpb2_1 appeared truncated as compared to the homologous protein from other organisms, and it displayed low similarity. In all the conserved domains of RdRP, RPOL_A was the most conserved one shared by other DdRPs. Multiple alignments of the RPOL_A domain of ORF42 showed that this domain was also found to be closely related to 176R of CIV, a homologue of DdRP, but with high identity to the same domain in the eukaryotic DdPRs (Fig. 2) . The most conserved fragment was NADFDGDEMN, which existed in all the largest subunit of DdRPs reported. In addition, TnAV-2c ORF24 also encoded a sigma subunit of bacterial RNA polymerase. Sigma subunits are responsible for the bacterial RNA polymerase to recognize the promoter for binding prior to gene transcription initiation. Whether the product of ORF24 has any role in TnAV-2c gene transcription remains to be demonstrated.
Two homologues of helicase were identified in TnAV-2c genome: ORF82 and ORF161. ORF82 matched very well in size with the homologues in granuloviruses (GV) and shared from 30% to 32% amino acid identities. ORF161 was a homologue of DEAD-like helicase superfamily. The BLAST showed ORF161 had a typical DEXDc domain and was a homologue of 022L in the CIV genome.
ORF135 was a homologue of S1P1 nuclease, which has never been identified in other dsDNA viruses so far. S1P1 nuclease can cleave RNA and DNA with no base specificity. Whether S1P1 nuclease is involved in the cleavage of the host cell chromosomal DNA or RNA is unknown and needs to be demonstrated experimentally.
Thymidine kinase belongs to deoxyribonucleoside kinase (dNK) family, which catalyzes the phosphorylation of deoxyribonucleosides to yield corresponding monophosphates (dNMPs) (Wild et al., 1997) . Previous reports showed that TK proteins from ascoviruses were quite conserved, and the protein sizes varied from 186 to 216 amino acids . TnAV-2c had duplicate ORFs encoding thymidine kinase. Although the size was similar to other ascoviruses, the amino acid identities that they shared were low. The highest was 30% to SfAV-1a (Table 1) .
Other ORFs encoded by TnAV-2c
As shown in Table 1 , many other conserved proteins and domains were detected in TnAV-2c genome. ORF71 was a homologue of dehydrogenase's short chain. The putative product had 57% amino acid identity to a bacterium Zymomonas mobilis and covered 260 amino acids. This enzyme is usually found in various kinds of living organism, but it is not common to all families of large dsDNA viruses of eukaryotes. The functions of this enzyme in the TnAV-2c genome remain to be investigated.
It was interesting that there were 30 ORFs which had different identities to single-cell protozoa, most of which were parasites. Whether those ORFs reflected some evolution relationship between the protozoa and ascovirus needs more detailed bioinformatics studies.
BLAST showed that there were 12 ORFs which did not share any amino acid similarity with current GenBank database. Ten of them were equal or less than 100 amino acids in size; the largest one was ORF 139, which had 156 amino acids and was located upstream of the putative RNA polymerase (ORF138).
Repetitive regions
The homologous regions (hrs) usually occur in baculovirus genomes and have been demonstrated as cis-acting enhancers of RNA polymerase II-mediated transcription and also as putative origins of viral DNA replication in transient replication assay (Landais et al., 2006; Rasmussen et al., 1996) . In addition, poxviruses, herpesviruses, adenoviruses, iridoviruses and retroviruses also have repeat sequences (Jancovich et al., 2003) . Ascovirus repetitive regions were also reported in some fragments . Two major repeat regions were found in the TnAV-2c genome, designated hr1 and hr2 (Table 1 ; Fig. 1 ), and they contained 3540 bp with an average G + C content of 33.6%. Three major conserved repeat fragments (P1, P2 and P3) were identified (Table 5) , and those fragments were interspersed in the two regions hr1 and hr2. Moreover, P3 repeat contained a perfect palindrome (TTTTGTCGCGACAAAA), and this palindrome was repeated ten times in the hr1 and hr2. The function of the homologous regions in TnAV-2c is yet to be demonstrated.
Codon usage
To evaluate the degree of variation in codon usage between the ascoviruses and CIV genomes, the codon frequency per total number of codons from five genes was estimated. The codon frequency comparison showed TnAV-2c codon usage is more similar to the CIV than to SfAV-1a (Table 6 ). However, the comparison of ENC values of five genes from SfAV-1a, TnAV-2c and CIV revealed that there were considerable variations in codon usage bias among the viral genomes, and that TnAV-2c codon usage bias was more similar to SfAV-1a than to CIV (Fig. 3) .
ENC is a very simple and effective way of measuring codon usage bias (Wright, 1990) . A gene where only one codon is used for each amino acid would have a value 20; while a gene with equal codon usage for every amino acid would have a value close to 61. In general, ENC values of 35 or less are considered biased and genes with low ENC values are restricted in the use of synonymous codons (Powell and Moriyama, 1997) . Among the five genes compared in Fig. 3 , only the DNA polymerase and the RNase III genes from CIV ENC values were lower than 35 (34.60 and 34.89, respectively) . Even though TnAV-2c and CIV shared almost the same G + C contents, and the TnAV-2c G + C content was lower than SfAV-1a (see Table 2 ), the ENC values of the five genes from SfAV-1a and TnAV-2c showed no codon usage bias (Fig. 3) . This observation supported the phylogenetic analyses based on DNA polymerase and mcp gene, that was TnAV-2c belonged to an early branch of ascoviruses of the phylogenetic trees which suggested that TnAV-2c was distantly related to other lepidopteran ascoviruses including other TnAV-2 variant such as TnAV-2d isolated from the same region as TnAV-2c in South Carolina (Cheng et al., 2005) .
In conclusion, here we reported the first complete ascovirus genome sequence. The total sequence of the TnAV-2c also confirmed the earlier claim of ascoviruses having a circular genome (Cheng et al., 1999) . Sequence analyses also revealed that TnAV-2c was different from other reported ascoviruses by comparing the available ascovirus DNA fragment sequences in the GenBank. This genome sequence would be very helpful for sequencing other ascovirus genome and it is also important in The SfAV-1a and CIV sequences GenBank accession number were the same as that in Table 2 . c The codon usage values were given in codon frequency per total number of codons used for a specific amino acid. d The boldface letters indicated the highest codon usage value.
understanding the biology, gene regulation and evolution of ascoviruses and its relationship to other insect viruses.
Materials and methods
Virus propagation and DNA extraction
TnAV-2c was isolated from a single infected larva of H. zea in South Carolina in 1996 (Cheng et al., 2005) . The viruses were propagated by using a mitten pin contaminated with ascorvirus to puncture the pro-legs of third-to-fourth-instar larvae of H. zea. Inoculated larvae were reared on artificial diets and at day 7 post-infection, larvae were bled to collect hemolymph which contained virions in the vesicles. Vesicles and virions were purified as described by Federici and Govindarajan (1990a) . Viral DNA was extracted by CsCl density gradient ultra-centrifugation as described previously (Cheng et al., 1999) .
DNA sequencing
The sequence was generated to sixfolds genomics coverage by using the shotgun approach. Mechanically (nebulization) sheared random DNA fragments (1.5-2 kb) were cloned into pBluescript SK + to construct an overlapping genomic library. A total of 960 clones of the library were sequenced on both strands by vector forward and reverse primers using BigDYE Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems) on 96 well PCR plates with a MJ research PTC-100 cycler following the protocols recommended by the kit supplier. The sequenced data obtained from the PCR reaction were analyzed on an ABI 3730 genetic analyzer. About 1900 sequencing reactions were carried out. Twenty-six major contiguous sequences (contigs) ranging from 2 to 23 kb were assembled with a DNA analysis program Sequencher (Version 4.6). The obtained contigs represented the whole genome size (about 175 kb). A BamHI restriction fragment library in pGEM-4Z (Promega) was used to confirm and close the gaps by sequencing the ends of each insert fragment (Cheng et al., 2003) . The largest BamHI fragment (40.5 kb) as well as other BamHI fragments which were missing in the pGEM-4Z library was cloned into pINDIGO536 vector contained in pCUGIBacI (Luo et al., 2001) for insert end sequencing and gap closing. Some gaps were closed by cloning the PCR fragments amplified with a pair of primers located at the ends of two contigs into pGEM-T Easy vector (Promega) followed by sequencing the inserts. To confirm the assembly of the entire genome sequence, the predicted and actual restriction digest patterns were compared (Cheng et al., 2005) .
DNA sequence analysis
Genome sequence analyses encompassed genome composition, gene organization, repeated sequences, homologous regions, codon usage and restriction enzyme patterns analyses using Sequencher (Version 4.6) and LASERGENE programs (Version 4.06, DNA STAR). Open reading frames (ORFs) were searched by using Glimmer program (Version 1.02, TIGR), and the ORFs were selected according to the following criteria: (1) larger than 180 bp; (2) not contained within larger ORFs and (3) no major overlap with the adjacent ORFs. Homology searches and domain searches were performed by using Basic Local Alignment Search Tool (BLAST) (blastp) in NCBI (Altschul et al., 1997) . The effective number of the codons (ENCs) for five genes were calculated by the formulas described by Wright (1990) and analyzed with CodonW online http://bioweb. pasteur.fr/seqanal/interfaces/codonw.html.
